Cyprinid herpesvirus 3 (CyHV-3), also known as koi herpesvirus (KHV), is the etiological agent of a virulent and lethal disease in common and koi carp. This study aimed to determine the genetic basis underlying the common carp immune response to the CyHV-3 virus. Two common carp lines (R3 and K) were infected with CyHV-3 by immersion. The R3 line presented a 20% higher survival rate compared to the K line and significantly lower viral loads as measured at day 3 post infection (p.i.). Microarray analysis using a common carp slides containing a number of 10,822 60-mer probes, revealed that 581 genes in line K (330 up-regulated, 251 down-regulated) and 107 genes in line R3 (77 up-regulated, 30 down-regulated), showed at least a 2-fold difference in expression at day 3 p.i. compared to day 0. Genes which showed at least a 4-fold difference in expression in both lines were selected as potential markers of a CyHV-3 infection in common carp. Additionally, 76 genes showed at least 2-fold differentially expression between K and R3 lines at day 3 p.i. Significantly higher expression of several immune-related genes including number of those which are involve in pathogen recognition, complement activation, MHC class I-restricted antigen presentation and development of adaptive mucosal immunity was noted in more resistant R3 line. Further real-time PCR based analysis provided evidence for higher activation of CD8 + T cells in R3 line. This study uncovered wide array of immune-related genes involved into antiviral response of common carp toward CyHV-3. It is also demonstrated that the outcome of this severe disease in large extent could be controlled by genetic factors of the host.
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Introduction
Cyprinid herpesvirus 3 (CyHV-3), also known as koi herpesvirus (KHV), is the etiological agent of a highly contagious and extremely virulent disease of common carp (Cyprinus carpio L.) and its ornamental koi varieties (Bretzinger et al., 1999; Hedrick et al., 2000; Michel et al., 2010; Pokorova et al., 2005) . The mortality rate in affected ponds is as high as 70-95%, causing very large economic losses in fish farms in many countries worldwide. CyHV-3 is a member of the Alloherpesviridae family comprising of piscine and amphibian herpesviruses Waltzek et al., 2009) . The genome of CyHV-3 is a 295-kb, linear, double-stranded DNA molecule, encoding for 156 potential protein-coding open reading frames (ORFs). The CyHV-3 genome is packaged within an icosahedral capsid which is surrounded by a proteinaceous tegument and finally by a host-derived lipid envelope containing virus glycoproteins. The sequence analysis of the whole genome of three CyHV-3 strains isolated in Israel (CyHV-3 I), Japan (CyHV-3 J) and United States (CyHV-3 U) revealed high sequence identity between the strains (Aoki et al., 2007) .
Knowledge about immune mechanisms and immunological traits that can correlate with disease resistance in fish, is essential for the development of prophylactic strategies (such as vaccination) as well as for the development of more resistant strains by the use of molecular marker assisted selection. Genetic differences in resistance to CyHV-3 of different carp crosses has been reported (Dixon et al., 2009; Ødegård et al., 2010; Rakus et al., 2009; Shapira et al., 2005) . However, to the best of our knowledge the number of studies on immune responses of carp against CyHV-3 is very limited. Perelberg et al. (2008) described the different kinetics of anti-CyHV-3 antibody formation in the serum of Koi kept at different temperatures and exposed to CyHV-3. It was shown that protection against CyHV-3 is proportional to the titer of specific antibodies during the primary infection. Nevertheless, no studies provided further insights in the immune response of carp against CyHV-3 using DNA microarray and real-time quantitative PCR.
In general, in vivo studies in human and other mammals have shown that the innate immune response against herpesviruses mostly include an activation of natural killer (NK) cells, the production of type I interferons (IFN) and interleukin-15 (IL-15) (Mossman and Ashkar, 2005) whereas the adaptive immune response includes an activation of both CD8 + and CD4 + T cells as well as the production of specific anti-viral antibodies (Chan et al., 2011; Wills et al., 2007) . However, the genomes of many herpesviruses contain multiple genes that code for various proteins which counteract different aspects of the host immune response and involved in immune evasion processes. In the CyHV-3 genome, such candidate genes are ORF12, ORF16, and ORF134 which respectively code for a TNF receptor homolog, a potential G protein-coupled receptor and an IL-10 homolog (Michel et al., 2010) . In recent years, many genes encoding different immuno-regulatory peptides of the innate and the adaptive immune system as well as markers of immune cells have been discovered in teleost fish, including common carp. The teleost thymus, head kidney and spleen are considered as the major lymphoid organs (Rombout et al., 2005) and represent suitable sources for immune cells which respond to pathogen challenge. A genome-wide analysis of gene expression in cells derived from lymphoid organs would therefore allow a measurement of the expression pattern of a large number of genes with immune-related functions and of genes with currently unknown functions. Following the expression pattern at different time points during an infection of carp with CyHV-3 should therefore lead to a better understanding of the mechanisms of immune responses of carp to this virus, and will be very useful for development of future vaccines.
The present study describes for the first time a transcriptional analysis of immune-related genes of common carp during CyHV-3 infection. We investigated gene expression differences between two lines of common carp that showed differences in both survival rates and viral loads during CyHV-3 infection. Our results demonstrate that differences in resistance of various genetic groups of fish could be associated with variations in the expression of selected immune-related genes. We also describe a group of genes which can serve as potential markers of an infection of common carp with CyHV-3.
Materials and methods

Fish
European common carp (Cyprinus carpio carpio L.) used in this study included four groups of carp: 2 lines (K and R3) and 2 crosses between them (KxR3 and R3xK) (Irnazarow, 1995) . Fish were obtained from the Institute of Ichthyobiology and Aquaculture in Gołysz (Poland). Each group was grown in aquaria with UV treated recirculating water and bio-filters. The total capacity of the system was 3 m 3 and the water temperature was maintained at 21 ± 1°C.
Daily feeding with commercial carp pellets (Aller Aqua, Poland) was applied at 3-5% body weight per day. Before the challenge experiments, fish (mean weight ± SD = 120 g ± 38 g) from the four genetic groups were randomly sampled, marked by fin clipping and transported to the Laboratory of Fish Diseases, National Veterinary Research Institute in Puławy (Poland). Once there, fish were divided into two experimental groups: (i) mortality recording group (n = 30 fish/line and cross), and (ii) gene expression study group (n = 40 fish/line K and n = 28 fish/line R3), and kept in two separate 800 l tanks. In addition, a control group (non-infected) was kept in a third 800 l tank (n = 10 fish/line and cross). Daily feeding with carp pellets at 3% body weight per day was applied. The water temperature was 23 ± 1°C in the mortality recording group and 21 ± 1°C in the gene expression study group. Fish were allowed to acclimatize to the new recirculating system for a period of 4 weeks. No mortalities were observed during the acclimatization period.
Cells and virus
C. carpio brain (CCB) cells (Neukirch et al., 1999) were cultured in minimum essential medium (Gibco, Germany) containing 4.5 g/ liter glucose (D-glucose monohydrate), 10% fetal calf serum (FCS), Penicillin (200 i.u./ml), Streptomycin (0.2 mg/ml), and 1% MEM non-essential amino acid solution (SIGMA, Germany). The cells were cultured at 22°C in a humid atmosphere containing 5% CO 2 . CCB cultures were inoculated with CyHV-3 virus isolated in the Laboratory of Fish Disease, National Veterinary Research Institute in Puławy (Poland) from infected common carp in 2005 (passage no. 4). Infected CCB cultures were incubated at 22°C in a humid atmosphere containing 5% CO 2 for 10 days and examined for cytopathic effect (CPE). Medium from infected cells including the virus was harvested and used for infection of the fish. The virus titer of the original virus suspension, given as tissue culture infective dose (TCID 50 /ml), was estimated by the method of Reed and Muench (1938) . This titer was 8 Â 10 4 TCID 50 /ml.
Fish challenge and sampling protocol
Fish were infected with the CyHV-3 virus by bath immersion challenge for 1 h at 22°C, in small plastic containers containing tank water with virus suspension (3.2 Â 10 2 TCID 50 /ml in the final volume of water), and subsequently returned to their original tanks. The same treatment was applied to the control fish, but the water contained medium harvested from uninfected CCB cultures. For the mortality recording group, fish were observed three times per day over a period of 32 days. Moribund fish were removed from the tanks and the kidney and fin clips were collected and stored in 96% EtOH until DNA extraction. Fish from the gene expression study group (n = 5/line/sampling point) were sampled on days 0, 1, 3, 5 and 14 post infection (p.i.). An additional n = 5 fish/line were sampled at day 3 p.i. Organs (head kidney, spleen, kidney, liver, skin, gills, posterior gut (beginning part), and anterior gut (ending part)) were collected and divided into two parts. One part was placed into empty, sterile tubes, immediately frozen in liquid nitrogen and stored at À80°C. The second part was placed into tubes containing RNAlater (Qiagen, Germany) and stored at 4°C until RNA extraction. In addition, blood was collected and serum was stored at À80°C until complement activation assay.
Detection and quantitation of CyHV-3
Virus detection was performed by PCR amplification of a CyHV-3 genome fragment localized between ORF55 and ORF56, using the M-KHV1-F and M-KHV1-R primers (Table 1 ). In short, DNA was isolated from 25 mg of kidney samples from infected and control fish using the Genomic Mini Kit (A&A Biotechnology, Poland) according to the manufacturer's manual. Amplification of the target PCR product was carried out in 20 ll of reaction mix using 200-300 ng of total DNA, 200 nM of each primer, 200 lM of each dNTP, 1.5 mM MgCl 2 , 1x Flexi Buffer, and 0.5 units of GoTaq Flexi polymerase (Promega, USA). The PCR profile included an initial denaturation step at 94°C for 3 min, followed by 30 cycles of 95°C for 30 s, 62°C for 30 s, 72°C for 45 s, and a final extension step at 72°C for 7 min. PCRs were performed using a MJ Research PTC-200 thermocycler (Biorad, USA). PCR products were detected on a 1% agarose gel with ethidium bromide staining and visualized using a TFX-35 M UV transilluminator (Vilber Lourmat, France).
Virus quantitation was performed by real-time TaqMan PCR as described by Gilad et al. (2004) with modifications. The kidneys from fish at day 0 and 3 p.i. were collected, snap frozen in liquid nitrogen and stored at À80°C until further use. The DNA was isolated from 25 mg of tissue after mechanical lyses in QIAgen Tissuelyser II (Qiagen, Germany) with the QIAamp DNA Mini Kit (Qiagen, Germany) according to the manufacturer's manual. After isolation the quantity of DNA was evaluated in a Nanodrop ND-1000 spectrophotometer and the samples were diluted to 50 ng/ll and stored at À80°C. Real-time TaqMan PCR was used to amplify a fragment of the CyHV-3 genome (Accession No. AF411803) by the use of KHV-86F and KHV-163R primers and the KHV-109P probe (see Table 1 ). In each sample, TaqMan PCR amplification control was also performed by the use of an INTYPE IC-DNA control (Labor Diagnostik Leipzig, Germany), EGFP1-F and EGFP10-R primers and the EGFP1-HEX probe (see Table 1 ). The real-time TaqMan PCR reaction mix contained 1x master mix (QuantiTect Multiplex PCR Kit, Qiagen, Germany), 800 nM of each primer, 100 nM of each fluorescent probe, 5 Â 10 4 copies of INTYPE IC-DNA, and 250 ng of DNA template. The real-time TaqMan PCR was performed on a Stratagene Mx 3005P thermocycler (Agilent, USA). Plasmid based virus copy quantification was performed using the product amplified with the primers KHV-86F and KHV-163R ( For microarray analysis, the total RNA was isolated from head kidney samples using the RNeasy Mini Kit (Qiagen, Japan) according to the manufacturer's instructions. For real-time quantitative PCR analysis, the total RNA was isolated from spleen samples of the same individuals using the RNAiso Plus kit (Takara, Japan) including a second DNase treatment of isolated RNA (RNase-Free DNase, Promega, Japan). The concentration of RNA was measured by means of a spectrophotometer at OD 260nm . The purity of extracted RNA was determined as the OD 260nm /OD 280nm ratio with expected values between 1.8 and 2.0. Total RNA was stored at À80°C until use.
For microarray analysis, 200 ng of total RNA was used for synthesis and labeling of cDNA by using the Low Input Quick Amp Labeling Kit (Agilent Technologies, USA) following the manufacturer's instructions. The cDNA was labeled by cyanine 3-CTP (Cy3). For real-time quantitative PCR analysis, 1 lg of RNA was used for the synthesis of cDNA by using the M-MLV cDNA synthesis System (Invitrogen, Japan) according to the manufacturer's instructions. cDNA samples were further diluted 40 times in nuclease-free water before use as the template in real-time quantitative PCR experiments.
2.6. One-color microarray-based gene expression measurement and statistical analysis A microarray analysis was performed on head kidney samples of fish from lines K and R3 (n = 4 fish/line/sampling point) sampled at day 0 and day 3 after CyHV-3 infection. A custom microarray was designed for 8 Â 15 K glass slides (Agilent Technologies, USA). Common carp transcript clusters were derived from Genbank mRNA transcripts and EST sequences of C. carpio. Based on these sequences a number of 10,822 60-mer probes were designed. In addition, a number of 152 60-mer probes were designed to target each of CyHV-3 annotated ORFs. Probe design was performed by Agilent. The arrays were hybridized with Cy3-labeled first strand cDNA in hybridization buffer. Hybridization was carried out for 17 h at 65°C. After 17 h, the glass slides were washed with GE Wash Buffer for 1 min at RT and subsequently with GE Wash Buffer 2 for 1 min at 37°C using the Low Input Quick Amp Labeling Kit (Agilent Technologies, USA). The two glass slides were dried and scanned immediately using a Gene Pix 4000B (Axon Instruments, USA).
Images obtained from scanning the slides were extracted to numerical data (.txt format) by GenePix Pro ver. 4.0 (Axon Instruments, USA) and analyzed in R using the 'limma' package from the Bioconductor project (Gentleman et al., 2004; R Development Core Team, 2011; Smyth, 2004) . The single-channel arrays were first background corrected with the normexp method and an offset of 50 (Ritchie et al., 2007) and then normalized with a quantile normalization (Bolstad et al., 2003; Yang and Thorne, 2003) . The experiment included four biological replicates with no dye swaps for each strain (K and R3) and condition (day 0 and day 3). A linear model was fit to the data using a least squares method (Smyth, 2004) . In order to identify the genes differentially expressed in each of the model's contrasts, an empirical Bayes moderated Primers and probes for detection and quantification of CyHV-3
t-statistics was used (Smyth, 2004) . A moderated F-statistic (F) combining the t-statistics for all the contrasts was also used to infer genes bearing differential expression in at least one of the contrasts (Smyth, 2004) . The resulting p-values were corrected for multiple testing with Benjamini-Hochberg's procedure to control for a false discovery rate (Benjamini and Hochberg, 1995) . Genes with 2-fold changes or greater were considered differentially regulated and with adjusted p-values below 0.05 were considered significantly differentially regulated. The raw and normalized data resulting from this experiment have been deposited in the NCBI Gene Expression Omnibus (GEO) database with Accession Nos. GSM754677-GSM754692, and the microarray design has been deposited to GEO with accession number GPL13819, following MIAME guidelines (Brazma et al., 2001 ).
Real-time quantitative PCR (RT-qPCR) and statistical analysis
RT-qPCR using SYBR Green I technology was performed using an Applied Biosystems 7300 instrument (Applied Biosystems, USA) with the Fast Start Universal SYBR Green Master (ROX) (Roche Diagnostics GmbH, Germany) as detection chemistry. The primers used for RT-qPCR were previously described by Forlenza (2009) and are listed in Table 1 . The master-mix for each RT-qPCR run was prepared as follows: 1x Fast Start Universal SYBR Green Master (ROX), 200 nM of each primer, 5.0 ll of 40x diluted cDNA and sterile water to a final volume of 20 ll. The amplification program included an initial denaturation at 95°C for 10 min, followed by 40 cycles with denaturation at 95°C for 15 s and annealing and elongation in one step at 60°C for 1 min. At the end, the dissociation stage was performed as follows: 95°C for 15 s, 60°C for 30 s, and 95°C for 15 s. Fluorescence data from RT-qPCR experiments were analyzed using Applied Biosystems 7300 software and exported to Microsoft Excel. The threshold cycle (Ct) was determined using the Auto method for all runs. The expression of analyzed genes was calculated using the 2 ÀDDCt method (Livak and Schmittgen, 2001 ). The 40S ribosomal protein S11 was used as a reference gene.
Significant differences (p 6 0.05) in RT-qPCR gene expression between CyHV-3 infected and uninfected samples, as well as between fish from lines K and R3 at each sampling time point were assessed using one-way ANOVA in cases where the data were normally distributed, or with the non-parametric Kruskal-Wallis test when not. All the statistical analysis was performed using MedCalc version 9.3.0.0 software.
Complement hemolytic activity in the classical pathway (CH50) analysis 2.8.1. Carp anti-SRBC serum
One individual of C. carpio (500 g) was injected (i.p.) with 10 9 SRBC in PBS. Four weeks later a booster injection (10 9 ) was given.
Ten days later, fish were bled for hemolysin and carp anti-SRBC antibody was determined by haemagglutination test. Complement was inactivated by incubation at 45°C for 15 min. Hemolysin was stored at À80°C. Optimal dilution of hemolysin for SRBC sensitization 1:800 (v/v) was determined according to Yano (1992 was added. A positive control (100% hemolysis) reference contained water and sensitized SRBS, the negative control contained sensitized SRBC and GVB 2+ buffer. Finally the control sensitization of SRBC with non-immune pooled carp serum and a standard complement sample (serum pool) for correction of plate differences were included. The plate were incubated for 60 min at 25°C and centrifuged (Labofuge II, Heraeus, Germany) for 5 min at 500g to spin down SRBC. The supernatant in each well was carefully aspirated and placed in a new flat bottom microtitre plate (F.L. Medical S.r.l., Italy). The optical density of the supernatant was measured at 540 nm. A lysis curve was obtained by plotting the percentage of hemolysis against the volume of serum; the volume which yielded 50% hemolysis was determined and used for calculating the complement activity of the samples (CH50 unit/ml) according to Yano (Yano, 1992) .
Results
CyHV-3 challenge and virus quantification
After infection of common carp with CyHV-3, the first mortalities were recorded on day 6 p.i. in line K (n = 5) and cross R3xK (n = 1) carp. The last mortalities were recorded on day 18 p.i. The highest cumulative mortality (76%) was observed in line K and the lowest (56%) in line R3. The mortality of crosses KxR3 and R3xK were 62% and 66%, respectively.
The presence of CyHV-3 was confirmed by PCR in all infected fish (dead and the survivors). All control fish were negative for CyHV-3. The quantitative analysis of viral load by real-time TaqMan PCR was performed on a group of fish from line K and R3 dedicated for microarray analysis. At day 0, no virus DNA was revealed in fish from both lines (n = 5 fish/line). At day 3 p.i. the number of virus DNA copies was significantly higher in the K line (higher mortality; higher susceptibility) than in the R3 line (lower mortality; moderate susceptibility) (n = 10 fish/line) (Fig. 1). 3.2. Differentially expressed genes between day 0 and day 3 p.i. in line K (susceptible) and R3 (moderately susceptible) as revealed by microarray analysis Changes in gene expression between day 0 and day 3 after CyHV-3 infection was analyzed in each line separately. At day 3 p.i., 581 genes in line K (330 up-regulated, 251 down-regulated) and 107 genes in line R3 (77 up-regulated, 30 down-regulated), were at least 2-fold differentially expressed compared to day 0. Among them, genes which were at least 4-fold differentially expressed in both lines were selected as potential markers of an infection of common carp by CyHV-3. This group includes 17 upregulated and only 1 down-regulated genes (Table 2 ). Among upregulated genes, there were 8 immune-related genes (47%): two interferon-inducible protein Gig-1 like genes, signal transducer and activator of transcription 1 (STAT1), novel protein belonging to the chemokine CC superfamily, ubiquitin-like protein, ubiquitin-specific protease-18, galectin-3-binding protein A, and suppressor of cytokine signaling 1. Only one gene, a novel protein containing a lectin C-type domain, was significantly down-regulated in both lines.
3.3. Differentially expressed genes between line K (susceptible) and R3 (moderately susceptible) at day 3 p.i. as revealed by microarray analysis Microarray analysis revealed no significant differences in gene expression between line K and R3 at day 0. Three days after CyHV-3 infection, 76 genes showed at least 2-fold difference in expression between two lines. In line R3, 55 genes were expressed significantly higher compared to line K. Twenty-two of them were immune-related genes (40%). Comparatively, 21 genes were expressed significantly higher in line K compared to line R3, including six immune-related genes (29%) ( Table 3) .
A more detailed analysis of the nature of expression ratios for these 55 genes (R3 > K variant), between day 3 and day 0 in both lines revealed that in most of the cases the difference was a result of down-regulation of gene expression in line K, rather than an upregulation of gene expression in line R3, during the course of infection. In the other 21 genes (R3 < K variant), most of the changes resulted from an up-regulation of gene expression in line K during the course of infection (data not shown).
3.4. Differential complement activation in the classical pathway (CH50) between lines K (susceptible) and R3 (moderately susceptible) during CyHV-3 infection Complement hemolytic activity in the classical pathway (CH50) measured in line K maintained the same level during course of observation with the exception of day 1 p.i. when it was significantly lower as compared to day 0. In contrary, carp from line R3 showed significantly elevated activity of complement at day 5 p.i. Line R3 presented significantly higher level of complement activation compared to line K at day 1 and 5 p.i. (Fig. 2) . Due to limited number of fish in the R3 carp we could not measure CH50 values of the complement at day 14 p.i.
Differential kinetic of the expression of T cell markers between lines K (susceptible) and R3 (moderately susceptible) during CyHV-3 infection as revealed by RT-qPCR
The kinetics of gene expression of T cell markers TCRa1, TCRa2, CD8a1, CD8a2, CD8b1 and CD8b2 were determined in spleen samples derived from fish from the lines K and R3 (n = 4 fish/line/sampling point). Samples were collected over a period of 5 (line R3) to 14 (line K) days after CyHV-3 infection and analyzed by RT-qPCR. At day 14 p.i. gene expression in line R3 was not investigated due to the limited number of fish (Fig. 3) .
Challenge with CyHV-3 significantly up-regulated the expression of TCRa1 and TCRa2 genes in fish from line R3 at day 1 p.i. By day 5 p.i., however, the expression of these genes was significantly down-regulated. In fish from line K we did not observe any differences in expression of TCRa1 during infection but the expression of the TCRa2 gene was significantly down-regulated at day 3 p.i. and up-regulated by day 14 p.i. In addition, both genes -TCRa1 and TCRa2, were expressed on significantly higher level in line R3 compare to line K at day 1 and 3 p.i.
Expression of CD8b1 was significantly up-regulated in line R3 at day 1, 3 and 5 p.i. and in line K at day 5 p.i. In addition, at day 1 p.i. expression of this gene was significantly higher in line R3 than in line K. The challenge with CyHV-3 did not significantly change the expression level of the CD8b2 gene in carp from line R3, while the expression of this gene was significantly down-regulated in carp from line K at 3 days p.i. No significant differences were detected in the expression of CD8a1 and CD8a2 genes in carp from both lines K and R3 during the challenge with CyHV-3.
3.6. Differential kinetic of the expression of cytokine genes between line K (susceptible) and R3 (moderately susceptible) during CyHV-3 infection as revealed by RT-qPCR
The kinetics of gene expression of the cytokines IL-1b1, IL-10, IL-12p35, IL-6M17 and IFNab were determined in spleen samples derived from fish from the lines K and R3 (n = 4 fish/line/sampling point). Samples were collected over a period of 5 (line R3) to 14 (line K) days after CyHV-3 infection and analyzed by RT-qPCR. At day 14 p.i. gene expression in line R3 was not investigated due to the limited number of fish (Fig. 4) .
Challenge with CyHV-3 significantly up-regulated the IL-1b1 gene expression in individuals from line R3 at day 5 p.i and from line K on days 3 and 5 p.i. Significant differences in the expression of IL-1b1 between fish from lines K and R3 were however observed at day 5 p.i. Indeed, expression level of IL-1b1 in carp from line R3 was about five times higher than in carp from line K at that time point. At day 14 p.i. the expression of IL-1b1 in line K carp was on the same level as in the fish sampled at day 0. Challenge with CyHV-3 also induced significant up-regulation of IL-10 in line R3 at day 5 p.i. and in line K at day 14 p.i. At day 3 p.i. the expression of this gene was significantly higher in fish from line R3 than in line K, although not significantly different when compared to individuals sampled at day 0 due to high individual variations in line R3.
Expression of IL-12p35 was down-regulated during the CyHV-3 infection in line K on days 3 and 5 p.i. In those sampling points the expression of IL-12p35 was significantly higher in line R3 than in line K. We also observed an up-regulation of IL-12p35 expression in line R3 at day 3 p.i., although not statistically significant due to high individual variations. Challenge with CyHV-3 induced an upregulation of IL-6M17 in line R3 on days 1, 3 and 5 p.i., although these differences were significant only at day 5 p.i. because of high individual variations at earlier sampling points. At day 5 p.i. the expression of this gene was also significantly higher in line R3 as compared to line K. No significant differences in expression of the IFNab gene was detected in lines K and R3 during the infection with CyHV-3.
Discussion
Recently, several studies described that variation in disease resistance between different populations of fish can be correlated with differences in expression profiles of immune-related genes (Baerwald et al., 2008; Bilodeau-Bourgeois et al., 2008; Yasuike et al., 2010) . In this work we studied the immune response of two different lines of common carp (K and R3) infected with CyHV-3 by bath immersion. The two carp lines presented a 20% difference in survival rate and significant difference in viral loads at day 3 p.i.
CyHV-3 infection induces the up-regulation of immune-related genes and activation of type I IFNs-dependent pathways in both carp lines
Microarray analysis revealed that infection of common carp with CyHV-3 resulted in changes of expression of many genes at day 3 p.i. We were able to identify group of genes which showed at least a 4-fold difference in expression in both lines. These genes serve number of potential CyHV-3 infection markers of common carp. Such markers of infection can be useful, for example in the design and evaluation of new vaccines, as well as for studying immune responses and host-pathogen interactions of common carp. Our results clearly showed the importance of type I IFNs activated pathways in the response of carp against CyHV-3. Several genes involved in the type I IFN response, including the gene encoding for signal transducer and activator of transcription 1 (STAT1) protein, as well as type I IFN-inducible genes (Gig1-like protein, ubiquitinlike protein (ISG15) and ubiquitin specific protease 18) were highly up-regulated in both carp lines.
The type I IFN system is involved in the first line of defense against viral infections. The antiviral effect is exerted through the binding of type I IFNs to specific cell-surface receptors and triggering signal transduction through the JAK-STAT signal transduction pathway, which in-turn induces the expression of a large number of IFN-stimulated genes, some of which encode antiviral proteins (Katze et al., 2002; Robertsen, 2006) . STAT1 is one of the cytoplasmic transcription factors that mediate intracellular signaling in IFN-induced pathways. STAT1 expression was highly up-regulated in the kidney of salmon at day 6 and day 4 after injection with ISAV and IPNV, respectively (Collet et al., 2008) . Gig1 is an IFN-inducible protein activated by JAK-STAT signal transduction pathway and seems to play an essential role in the host-defense response (Zhang and Gui, 2004) .
Ubiquitin-like protein and ubiquitin specific protease 18 (USP18) were also highly up-regulated in both carp lines.
Ubiquitin-like proteins (Ubls) are small proteins related to ubiquitin, that all possess the same three-dimensional structure, and conjugated to diverse cellular proteins which results in degradation or modulation of the target protein's stability, function, and localization (Kerscher et al., 2006) . The conjugation can be reversed by USP18, which is an IFN-inducible cysteine protease. In our study the highly up-regulated gene which showed the best BLAST hit with the goldfish ubiquitin-like protein sequence -IFN-stimulated gene 15 (ISG15) (Liu et al., 2002 ) -most probably represent the ISG15 homolog in common carp. In general, ISG15 is induce to a very high level by type I IFNs and can inhibit the replication of different viruses in human and mice. ISG15 play a role in ISGylation process, which unlike ubiquitinylation is an IFN-stimulated and regulated process and does not promote the degradation of the target protein but modulate the protein's function and activity (Harty et al., 2009 ). In addition, the secreted form of ISG15 exhibits immunomodulatory functions, inducing production of IFNc in T cells and stimulating NK cell proliferation and activity (D'Cunha et al., 1996) . Several studies described the up-regulation of ISG15-like genes in fish in response to virus infection (reviewed in Verrier et al., 2011) .
In addition to genes involved in the type I IFN response, two other immune-related genes (a novel protein belonging to the chemokine CC superfamily and suppressor of the cytokine signaling 1) were also very highly up-regulated in both lines during CyHV-3 infection. The members of the CC chemokine family are known to guide leukocytes to sites of infection and inflammation (Rossi and Zlotnik, 2000) . It has been described that the number of leukocytes in carp blood increases 2.5 times in the first 2 days after a CyHV-3 infection and is about two times higher during 14 days of the clinical infection compared to control fish (Negenborn, 2009) . The suppressor of the cytokine signaling 1 (SOCS1) belongs to the SOCS family that consists of eight members, designated SOCS1 to SOCS7 and CIS (cytokine-inducible SH2 domain protein), which are known to participate in negative feedback loops in cytokine receptor signaling by inhibiting a variety of signal transduction pathways (Starr et al., 1997) . In mammals, the up-regulation of SOCS1 expression is mainly induced by interferons as well as by several other cytokines (Fenner et al., 2006) . SOCS1 acts to inhibit the proinflamatory effect of IFNs and IL-6 by suppressing signaling in response to these cytokines (Fenner et al., 2006) . Different viruses, however, evolved mechanisms to induce SOCS expression in order to inhibit IFNs signaling and to reduce antiviral response of the host (Bode et al., 2003; Oshansky et al., 2009; Pothlichet et al., 2008; Zhao et al., 2007) . Thus, the up-regulation of SOCS1 observed in our study might also indicates the presence of immune evading mechanisms of CyHV-3.
4.2. Differentially expressed genes between carp lines R3 and K at day 3 p.i. might result in differences in resistance to CyHV-3
In our study we did not observe differences in gene expressions between lines K and R3 before an infection. However the microarray analysis revealed 76 genes at least 2-fold differentially expressed between the two lines at day 3 p.i. Seven annotated genes: fucolectin-4 and fucolectin-6, fucose binding lectin, FBP32 precursor, FBP32 II precursor, class I metallothionein, and cysteine proteinase were expressed at a very high level in line R3 compared to line K (>7-fold change). These genes represent immune-related genes among which many play a role in pathogen recognition and activation of innate immune responses. Fucolectins (F-type lectins; lectins that bind fucose) have been described as immunerecognition molecules in both invertebrates (Saito et al., 1997) and vertebrates (Honda et al., 2000) and play a role in the regulation of cellular defense responses and in complement activation (Bianchet et al., 2002) . Two other genes that can be involved in complement activation (proteins containing a C-type lectin domain and microfibrillar-associated protein 4 (MFAP4)) were also highly expressed in line R3. Recently it has been reported that MFAP4 genes may play similar roles during the innate immune response in fish as ficolin genes in mammals, which are known to be involved in recognition and binding of carbohydrates in pathogens and the activation of complement leading to opsonization, leukocyte activation, and direct pathogen killing (Niu et al., 2011) . Metallothioneins have various functions and were also found to be involved in immune responses including inflammation reactions (Coyle et al., 2002; Mocchegiani et al., 2006) . The higher expression of genes involved in complement activation in the more resistant R3 line could indicate for the role of this immune mechanism in the response against CyHV-3. It is known that activation of the Chemokine CCL-C25a and CCL-C25ab were also highly expressed in the R3 line. In mammals, the CC chemokine ligand 25 (CCL25), also known as thymus-expressed chemokine (TECK), was described to be primarily expressed in dendritic cells of the thymus and mucosal epithelial cells. CCL25 was shown to play a role in T cells development (Vicari et al., 1997) and it is thought to be one of the key factors in the development of the adaptive mucosal immunity by targeting T cells to specific locations of infection (Kunkel et al., 2000; Meurens et al., 2006 Meurens et al., , 2007 . Recently, it was demonstrated that the skin of common carp is the major portal of entry of CyHV-3 and that at the early stage of the disease, the virus replicates in skin epithelial cells (Costes et al., 2009) . Very recently, the anti-CyHV-3 properties of carp skin mucus were described (Raj et al., 2011) .
Fourteen genes were more highly expressed in carp from line K than in line R3. These genes included immune-related genes such as: galectin1-like 3, Sjogren syndrome antigen B, C-type lectin, immunoglobulin binding protein, interferon c 2b and interleukin 13 receptor a1. (Fischer et al., 2006; Nakanishi et al., 2002; Utke et al., 2007) and T cell markers of common carp have been recently cloned and described (Forlenza et al., 2008a; Sun et al., 2007) . This allowed us to use the expression of T cell markers to monitor the activity of cytotoxic T cells during the infection of carp with CyHV-3.
CD8 is known as a marker molecule for cytotoxic T cells. The expression of both duplicated common carp CD8a and CD8b genes were studied in terms of cytotoxic T cell activity during CyHV-3 infection. Among all the isoforms studied, only CD8b1 showed a tendency for up-regulation from day 1 to day 5 p.i. in the R3 line and at day 5 p.i. in the K line. Interestingly an up-regulation of other isoforms -CD8a1, CD8a2 and CD8b2 -could not be statistically confirmed. In the case of CD8b2, a down-regulation of the expression was detected in carp from line K at day 3 p.i. It is well established that on mammalian T cells, CD8 glycoproteins are expressed as either aa homodimers or as ab heterodimers (Witte et al., 1999) . Human cells can also express bb homodimers (Devine et al., 2000) but in contrast to aa homodimers or ab heterodimers they are unable to bind to MHC class I. Based on common carp cDNA analysis of the predicted glycoprotein structure and based on the conservation of essential structural motifs, Forlenza et al. (2008a) suggested the possibility for an expression of CD8bb homodimers and a CDb signaling function in common carp. In this case it is likely that common carp could have different CD8 + T cells subpopulations, these could be functionally slightly different. This might explain the activation of only the CD8b1 isoform after CyHV-3 viral infection. This is also in line with data reported by Forlenza et al. (2008a) which demonstrated a differential expression of CD8 isoforms in common carp during spring viraemia of carp virus (SVCV) infection. Both TCRa1 and TCRa2 genes were up-regulated at day 1 p.i. in carp from line R3 but not from line K. On day 5 p.i. TCRa1 and TCRa2 genes were down-regulated in the R3 line carp. The down-regulation occurred even faster in the K line carp, which showed lower levels of TCRa2 on day 3 p.i. A high up-regulation of the transcription of both TCRa and TCRb genes was observed at day 1 after DNA vaccination of Japanese flounder against the hirame rhabdovirus (HIRRV). However 7 days after vaccination the expression levels of these genes decreased and returned to the level of gene expression of non-vaccinated fish (Takano et al., 2004) . Infection of common carp with SVCV revealed no significant changes of gene expression of both TCRa1 and TCRa2 genes after primary infection, whereas the two TCR genes were already upregulated 6 h post-secondary infection and remained high until day 7 p.i. (Forlenza et al., 2008a) .
The up-regulation of both TCR genes and the CDb1 gene in the first phase of infection, which was observed in the R3 line but not in the K line, might indicate a higher activation of CD8 + T cells in this line, which could result in a better immune response against the CyHV-3 virus and finally could contribute to the higher survival rate.
4.4. Differential kinetics of expression of cytokine genes between carp lines R3 and K IL-1b is one of the best described pro-inflammatory cytokines in fish. An up-regulation of IL1-b1 was described in various fish species during infection with ectoparasites (Forlenza et al., 2008b; Gonzalez et al., 2007; Sigh et al., 2004) , with the blood parasite Trypanoplasma borreli (Saeij et al., 2003) , bacteria (Mohanty and Sahoo, 2010) , and viruses (Purcell et al., 2004; Tafalla et al., 2005) . CyHV-3 infection clearly up-regulated IL-1b expression in carp from line K (at day 3 p.i.) and R3 (at day 5 p.i.). Faster up-regulation of IL-1b expression in carp from line K (peak at day 3 p.i.) compared to carp from line R3 (peak at day 5 p.i.) might be correlated with the difference in virus levels between the two lines. Indeed, the number of virus copies as measured at day 3 p.i., was significantly higher in the K line than in the R3 line, while at day 5 p.i. the virus level in the R3 line increased and was on the same level as in the K line (data not shown). The transcription level of IL1-b1 returned to initial values by day 14 p.i. The striking differences in the transcription of IL-1b between carp lines K and R3 on day 5 p.i. (more than 5-fold) indicate that a higher stimulation of the immune response could be an important factor explaining the differences between these two carp lines in the resistance to an infection with CyHV-3.
Another important pro-inflammatory cytokine is IL-12. In carp, a single gene for IL-12p35 and three highly distinct genes encoding for IL-12p40 (a-c) were identified (Huising et al., 2006) . Recently, an up-regulation of the genes encoding for IL-12p35 and only the IL-12p40b isoform was revealed during an infection of carp with SVCV (Forlenza et al., 2008a) . We observed a significant down-regulation of IL-12p35 expression after CyHV-3 infection in carp from the K line (at day 3 and 5 p.i.) but not in carp from the R3 line. In addition, we observed an up-regulation of IL-12p35 in carp from the R3 line at day 3 p.i., although this up regulation could not be confirmed as statistically significant owing to high individual variations in the transcription levels. The cytokine IL-12 stimulates the activity of cytotoxic T cells and NK cells as well as the secretion of IFNc and TNF. A down-regulation of IL12-p35 expression in carp from the K line coincides with a decreasing level of T cell marker expression, which might indicate a lower cytotoxic response in this line.
In mammals, IL-10 is known to be an anti-inflammatory cytokine which regulates the inflammatory response, however the direct function of IL-10 in fish is less known. Some studies on IL-10 gene expression in fish also suggested its role in the down-regulation of the inflammatory response (Forlenza, 2009; Ingerslev et al., 2009; Raida and Buchmann, 2008a) . We observed a relatively high up-regulation of the expression of IL-10 on day 5 p.i. and an elevated level was maintained until day 14 p.i. This up-regulation of IL-10 might reflect an activation of humoral immunity and an inhibition of the inflammatory response.
The mammalian IL-6 family of cytokines are major players in hematopoiesis, as well as in the neuroendocrine and immune systems, and have pro-and anti-inflammatory functions. The IL-6M17 gene was shown to be involved in teleost immune responses (Fujiki et al., 2003; Wang and Secombes, 2009) . In rainbow trout IL-6 expression was up-regulated by both LPS and b-glucan stimulation in vivo (Lovoll et al., 2007) and after Yersinia ruckeri infection (Raida and Buchmann, 2008b) which suggests a role as a proinflammatory mediator. We observed an up-regulation and a much higher level in the expression of the IL-6M17 gene in carp from the R3 line compared to carp from the K line, although this difference was only statistically significant at day 5 p.i., owing to high individual variations in the R3 line. Nevertheless it could be speculated that the level of macrophage and T-cell activation (main IL-6 secreting cells) in the R3 line was much more efficient than that in the K line.
Interestingly, our results showed no differences in IFNab gene expression in both lines. An up-regulation of this gene was not seen in the microarray analysis and it was not observed by RTqPCR analysis either. Nevertheless our microarray analysis revealed up-regulation of several genes activated by the type I IFNs. In fish, multiple forms of IFNs which are differentially induced during stimulation has been described (Sun et al., 2009) . Very recently new genes of common carp type I IFNs were cloned and showed different expression profiles during CyHV-3 infection (Adamek et al., in preparation) . It could therefore be speculated that primers and probes used in our study do not amplify all IFN genes present in carp and involved in the immune response against CyHV-3. In conclusion, this is the first study of the genetic basis underlying the common carp immune response to the CyHV-3 virus. We identified a group of genes which were significantly regulated by CyHV-3 in both carp lines. We believe that these genes can serve as CyHV-3 infection markers for primary testing of different vaccines. Our study also revealed that differences in resistance to CyHV-3 between the two carp lines can be correlated with differentially expressed immune-related genes. The kinetics of expression of the immune-related genes indicate for a higher activation of cytotoxic T cells in the more resistant R3 line. Altogether, our results add to the understanding of the common carp immune response against the CyHV-3 virus and provide knowledge for developing future vaccines.
